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Matter-wave interferometry provides a remarkably sensitive tool for probing minute forces and, potentially,
the foundations of quantum physics by making use of interference between spatially separated matter waves.
Furthering this development requires ever-increasing stability of the interferometer, typically achieved by im-
proving its physical isolation from the environment. Here we introduce as an alternative strategy the concept of
dynamical decoupling applied to spatial degrees of freedom of massive objects. We show that the superposed
matter waves can be driven along paths in space that render their superposition resilient to many important
sources of noise. As a concrete implementation, we present the case of matter-wave interferometers in a mag-
netic field gradient based on either levitated or free-falling nanodiamonds hosting a color center. We present an
in-depth analysis of potential sources of decoherence in such a setup and of the ability of our protocol to sup-
press them. These effects include gravitational forces, interactions of the net magnetic and dipole moments of
the diamond with magnetic and electric fields, surface dangling bonds, rotational degrees of freedom, Casimir-
Polder forces, and diamagnetic forces. Contrary to previous analyses, diamagnetic forces are not negligible in
this type of interferometers and, if not acted upon lead to small separation distances that scale with the inverse
of the magnetic field gradient. We show that our motional dynamical decoupling strategy renders the system
immune to such limitations while continuing to protect its coherence from environmental influences, achieving
a linear-in-time growth of the separation distance independent of the magnetic field gradient. Hence, motional
dynamical decoupling may become an essential tool in driving the sensitivity of matter-wave interferometry to
the next level.
The quantum superposition principle, which follows from
the linearity of the Schrödinger equation, allows a quantum
mechanical system to occupy simultaneously several of the
physical states available to it. An observable fingerprint of
this, which applies not only to light but to matter as well [1],
is the interference that the system will exhibit between the
different states that contribute to such a superposition. For
massive systems on the atomic scale, like electrons, atoms,
ions, or molecules this has been tested and corroborated in
laboratories all around the world [2–5]. However, as one
scales up these systems, and with it their mass, the generation
and observation of coherent superpositions becomes increas-
ingly challenging. With a growing number of constituents the
system becomes more and more sensitive to its environment,
which manifests as noise acting to suppress the coherence in
the superposition. Confronted with the absence of empirical
evidence of macroscopic superpositions, the question arises:
is this a result of our technical inability to generate a control-
lable environment where these superpositions can live suffi-
ciently long to be observed, or are macroscopic systems de-
scribed by a theory more fundamental than quantum mechan-
ics that forbids the generation of macroscopic superpositions
and from which the Schrödinger equation emerges as an ef-
fective model at the microscopic scale?
Spontaneous collapse models offer a description of Nature
for the latter scenario. They postulate a modification of the
Schrödinger equation that incorporates nonlinear, stochastic
terms, which account for a collapse of the wave function at
macroscopic scales, while they ensure that the microscopic
description of Nature remains unaffected [6]. These models
contain free parameters that quantify the strength and scale of
such collapse mechanisms, and which, naturally, need to be
determined empirically. A direct way to do so is to attempt
to generate a coherent superposition of an object as macro-
scopic as possible. Then, using interferometric techniques
one can assess the existence and lifetime of such a coherent
superposition, and use this information as a witness of spon-
taneous collapse models. However, there is a catch, the deco-
herence resulting from the interaction of the system with its
uncontrolled environment, and that due to a postulated col-
lapse model would be, in practice, indistinguishable. There-
fore, the effort to test collapse models via interferometry, is
in essence an effort to rule out any other known source of de-
coherence. If the system still decoheres, this could be due
to an interaction of the system with its environment of which
the experimenter is unaware or, indeed, have a fundamental
origin. Instead, if the superposition survives for longer and
longer times, this will set increasingly stringent bounds on the
free parameters of possible collapse models.
Mesoscopic matter-wave interferometers [7, 8] have been
implemented that bring objects with an increasing number
of atoms to coherent superposition, based on BECs [9],
fullerenes [10], or more recently macromolecules containing
up to 10,000 amu [11, 12]. In parallel, a top-down approach is
also being pursued with a variety of optomechanical systems
proposed as potential macroscopic matter-wave interferome-
ters [13–22]. Regarding this second approach, we are inter-
ested, in particular, in setups where the interaction of a strong
magnetic field gradient with a nitrogen vacancy (NV) center
is used to split the spatial wave function of the host nanodia-
mond, which can either be levitated or in free fall. This rep-
resents a promising platform, on the one hand, due to the re-
markable coherence properties of NV centers even at room
temperature [23, 24]—in part, due to a mature understanding
of NMR techniques applied to NV centers for the purposes
of sensing and metrology [25, 26]—and, on the other hand,
due to the recent and rapid development that the field has wit-
nessed, demonstrating an increasing degree of controllability
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2of NV centers in nanodiamonds that are levitated either by
optical means [27–30] or with ion traps [31–34]. Not only
that, a sizable spin-motion coupling is expected from such se-
tups, which will significantly broaden the possibilities for NV
based technologies. However, proposals for the use of nan-
odiamonds as matter-wave interferometers [22, 35–38] have
so far been studied under idealised settings failing to consider
the impact of a variety of physical features on their dynam-
ics that are intrinsic to nanodiamond material. Notably, this
includes the presence of diamagnetic forces on the system as
well as significant sources of decoherence, such as the effect
of electric and magnetic dipole moments, intrinsic nuclear and
electron spins of the bulk and of the dangling bonds at the sur-
face, or the presence of Casimir-Polder forces between the
magnets and the diamond. In particular, the inclusion of dia-
magnetic forces in the analysis, far from being a mere act of
refinement of the protocol, turns out to modify fundamentally
the behaviour of the system, invalidating previously proposed
schemes. Notably, the inclusion of diamagnetic forces leads to
achievable spatial separation distances that are inversely pro-
portional to the magnetic field gradient and grow at best linear
in time, while their omission in previous studies led to sep-
aration distances that are proportional to the magnetic field
gradient and which grow quadratically in time. Hence a care-
ful analysis of all the relevant physical effects affecting the
matter-wave interferometer is essential for assessing its po-
tential.
Furthermore, the incorporation of sources of imperfections
and noise in the analysis immediately raises the question of
how to mitigate their impact while maintaining sensitivity to
the desired signal; here, the relative phase accumulated in the
spatial superposition. This challenge is reminiscent of that of
quantum sensing using the electron spin of NV centers, where
a wide variety of dynamical decoupling schemes have been
developed that filter out slow noise while retaining sensitiv-
ity to a signal at a particular frequency [39–44]. In matter-
wave interferometers, the misalignment of the interferometer
with respect to gravity, variations of electric and magnetic
fields etc. lead to significant and hard to control variations
in the relative phase of the spatial wave function but are of-
ten slow or effectively static. Hence, introducing the concept
of dynamical decoupling for the spatial degree of freedom in
matter-wave interferometry as we do here can provide signif-
icant sensitivity improvements. In the light of all this, the de-
sign of new protocols is essential for bringing diamond based
matter-wave interferometry closer to reality.
In this article, we present a novel experimental protocol for
a matter-wave interferometer based on nanodiamonds. To this
end, we introduce a pulse sequence that effects motional dy-
namics, and which, akin to pulsed dynamical decoupling, sup-
presses those system-environment interactions that are slow
and linear: slow compared to the pulse spacing and linear
in regard to the dependence of their potential energy in the
position along of the superposition dimension. Furthermore,
we show that our pulse sequence can be extended to suppress
the effect of higher order interactions when these are weak
compared to the energy of the system. Hence, the concept
of motional dynamical decoupling and the specific protocols
presented here reduce significantly the experimental require-
ments for successful matter-wave interferometry. As an added
benefit, our proposed protocol makes use of resonant enhance-
ment to address the impact of diamagnetic forces, achieving
large separation between the components of the matter wave,
with distances growing linearly in time, independent of the
strength of the magnetic field gradient. Moreover, and in or-
der to assess the practical feasibility of this novel protocol, we
investigate in detail potential sources of dephasing that could
act against the coherence of the superposition. We provide ei-
ther mitigating strategies for some of these sources of noise or,
failing that, a direction for material and experimental design
efforts to overcome remaining challenges.
The text is divided into two main sections. In the first sec-
tion, we give a first-principles description of the system rel-
evant to nanodiamond based matter-wave interferometry, and
we introduce our experimental protocol, which realises dy-
namical decoupling of matter waves and takes into account
the previously overlooked impact of diamagnetic forces on the
interferometric scheme. The second section is devoted to the
analysis of potential decoherence sources that could eventu-
ally degrade the visibility of the interference. We estimate
their impact for realistic experimental parameters, the miti-
gating effect of our motional dynamical decoupling protocol
and indicate how far the technology should push to make the
interference of nanodiamonds visible for large spatial super-
positions.
I. SETUP AND PROTOCOL
Diamond being a diamagnetic material—that is, having
negative magnetic susceptibility—is repelled by magnetic
fields. Thus, when placed in an inhomogeneous magnetic
field, a force directed towards the minimum of the field will
be exerted on it. As a consequence, in the presence of a linear
magnetic field gradient, and if no other force is acting on it,
a diamond will behave as a harmonic oscillator with its equi-
librium position at the zero of the field. This is the principle
behind the magnetic trapping of diamagnetic objects, includ-
ing the levitation of living organisms [45, 46]. Now, if the
diamond hosts an NV center, namely a spin-1 system with the
gyromagnetic ratio of the electron, an additional force will
be exerted on it originating from the interaction between the
electron spin of the NV center and the magnetic field gradi-
ent. A spin aligned with the magnetic field will feel a force
in the direction of the increasing magnetic field, while an an-
tialigned spin will feel the same force in the opposite direc-
tion. In both cases, the effect of this force on the diamond is
to shift the equilibrium position of the potential induced by the
diamagnetic force, and thus, if the NV center is placed in a su-
perposition of aligned and antialigned states, a superposition
of two mechanical oscillators with two different equilibrium
positions is obtained. Hence, without further measures, the
achievable separation between the constituents of the super-
position will be limited to twice the distance of the equilib-
rium points for any time. This is a novel view on the prob-
lem that departs from previous proposals, where diamagnetic
3forces were ignored and a quadratic in time and hence unlim-
ited growth of the separation distance was predicted [37, 38].
In the following we will design a protocol that reduces the
impact of diamagnetic forces and build our experimental pro-
posal around it.
We consider an irregularly shaped diamond which contains
a single negatively charged NV−—hereinafter, just NV—that
is localised at some random distance from the center of mass.
Let us assume that the diamond is initially trapped in all its
three translational degrees of freedom and cooled down to
an internal temperature on the order of one Kelvin. In the
x-direction, a magnetic field gradient is applied, with the mag-
netic field assumed to be aligned with the axis of the NV in-
side the diamond. Now, two cases can be considered, that
in which the diamond stays trapped and that in which the di-
amond falls freely along the z-direction due to the effect of
gravity. These two scenarios are analogous regarding the dy-
namics in the x-direction as long as the trapping in this di-
mension occurs only due to the presence of the magnetic field
gradient—recently, the trapping and cooling of nanodiamonds
with magnetic traps has been demonstrated [47, 48]. For the
clarity of the presentation, we describe here the case in which
trapping forces are released, and the diamond falls in the z-
direction, while the transversal magnetic field gradient in the
x-direction is kept constant along the fall of the diamond. The
system is described by the Hamiltonian
H =
1
2M
(Pˆ2x + Pˆ
2
y + Pˆ
2
z )︸ ︷︷ ︸
kinetic
+ Mgzˆ︸︷︷︸
gravitational
− χVV
2µ0
Bˆ2︸ ︷︷ ︸
diamagnetic
− µˆBˆ︸︷︷︸
NV-field
+ h¯DSˆ2z︸ ︷︷ ︸
zero-field
. (1)
Here, M is the mass of the diamond, g the gravitational accel-
eration in the lab, χV = −2.2 · 10−5 and V are, respectively,
the volume magnetic susceptibility and the volume of the di-
amond, µ0 the vacuum permeability, and µ and D = (2pi) 2.8
GHz are the magnetic moment and the zero-field splitting of
the NV, respectively. The magnetic moment of the NV is
given by µ=−h¯γeS, with γe = (2pi) 28 GHz/T the electronic
gyromagnetic ratio and S a vector containing the dimension-
less spin-1 matrices for all three spatial dimensions. Let us
consider a magnetic field of the form B = B′x e(nv)z , where
B′ gives the magnitude of the magnetic field gradient, and the
unit vector e(nv)z is aligned with the direction of the NV axis.
According to Hamiltonian (1) the motion in the three Carte-
sian coordinates is uncoupled and, therefore, can be treated
independently. Motion in the y-direction is free and will lead
to a spreading of the initial wave function, in the z-direction
the motion is accelerated due to the effect of gravity, and in
the x-direction the motion corresponds to that of a forced har-
monic oscillator. For our aim we are particularly concerned
with the motion in the x-direction, described by the Hamilto-
nian
Hx =
1
2M
Pˆ2x −
χVV B′2
2µ0
xˆ2+ h¯γeB′Sˆzxˆ
= h¯ω aˆ†aˆ+ h¯λ (a+a†)Sˆz, (2)
where we have introduced the ladder operators a and a†,
and defined the oscillation frequency ω =
√ −χV
ρDµ0
B′ and
spin-motion coupling strength λ = γe
√
h¯
2Mω B
′. Here, ρD =
3510 Kg/m3 is the mass density of diamond.
The Hilbert space of the NV can be spanned in terms of the
eigenstates of the spin projection operator along the NV axis,
{|ms〉} = {|+〉 , |−〉 , |0〉}, and the Hamiltonian reformulated
in terms of displaced ladder operators associated to each of
the NV spin states
Hx = h¯ωa†+a+ |+〉〈+|+ h¯ωa†−a− |−〉〈−|
+ h¯ω(a†a+λ 2/ω2) |0〉〈0| .
(3)
Here, a± = a±λ/ω and we have shifted the total energy by
a constant h¯λ 2/ω , with no loss of generality. The system is,
therefore, a set of three harmonic oscillators revolving, with
the same frequency, around three different equilibrium posi-
tions. In particular, we have that spin state |0〉 is associated to
equilibrium position x0eq = 0, while the equilibrium positions
associated to NV states |±〉 are
x±eq =±2x0λ/ω, (4)
with x0 =
√
h¯/(2Mω).
Our goal is to generate a superposition with the great-
est possible separation distance between the two superposed
states. Let us assume that the nanodiamond is initially in an
unspecified motional state ρm with the NV in state |0〉 when
the diamond is dropped along the z-direction. Immediately af-
ter, a microwave pulse is applied to take the NV into a super-
position of |±〉 states. The system transitions into a superposi-
tion of two components each oscillating around spatially sepa-
rated equilibrium positions. An operator can be defined in the
Heisenberg picture whose expectation value corresponds to
the separation distance between these two oscillators, namely
δ xˆ(t) =U†+xˆU+−U†−xˆU− (5)
= ∆xeq(cosωt−1), (6)
where U± = e−iωa
†
±a±t , and
∆xeq = 4x0λ/ω =
2h¯γeµ0
−χV
1
V B′
(7)
is the separation distance between the equilibrium positions
of the two oscillators. Remarkably, the maximum separation
distance is independent of the initial motional state, i.e. ini-
tial displacement from x = 0 and velocity, and is determined
only by the distance between the equilibrium positions. This
indicates that ground state cooling of the motional degrees of
freedom is not required for such a scheme.
4From Eq. (7) we see that the smaller the magnetic field gra-
dient the larger the separation one can achieve. This is one
of the central results of this work for it contradicts previous
proposals where diamagnetic forces were ignored and the sep-
aration distance was predicted to increase with the magnetic
field gradient [37, 38]. Notice that for proposals with levi-
tated nanodiamonds where the trapping is achieved by means
other than the magnetic field gradient, the reachable separa-
tion distance will still grow with the magnetic field gradient as
long as the diamagnetic confinement is weaker than the em-
ployed trapping mechanism. For optically trapped particles,
the diamagnetic confinement will exceed the optical one only
at unrealistically strong magnetic field gradients, and there-
fore neglecting the diamagnetic forces is justified in these
cases [35, 36], albeit, for the same value of the magnetic field
gradient, the reachable separation distances will be consider-
ably smaller than in the case of pure diamagnetic trapping.
In order to estimate achievable separation distances, one
should take into account that the oscillation frequency ω de-
pends linearly on the magnetic field gradient. For a proper
interferometric protocol, one should allow at least one oscil-
lation to occur within the coherence time of the NV and the
duration of the drop, such that the superposed states of di-
amond can come back to their initial positions in the x-axis,
and the NV used to observe their interference. The desired os-
cillation period T can be fixed by setting the value of the mag-
netic field gradient according to B′ =
√
µ0ρD
−χV 2pi/T ; then for a
given oscillation period the maximum separation distance will
be given by
Dmax = 2∆xeq =
2h¯γe
piV
√
µ0
χVρD
T. (8)
The system will periodically split and reunite, with the ampli-
tude of these oscillations depending linearly on their period
T . Thus, the maximal separation distance is reached for the
first time at half a period from the start of the experiment, and
does not grow in time contrary to predictions of previous pro-
posals [37, 38].
A. A resonant amplification mechanism
A harmonic oscillator subjected to a periodic driving force
that is resonant with its oscillation frequency will experience
a linear-in-time growth of its amplitude. This intuition will be
used in the following to devise a scheme that makes the sep-
aration distance between the two superposed oscillators grow
linearly in time. Remarkably, as an additional benefit, this am-
plification protocol will lead to a symmetrisation of the paths
of the two parts of the superposition which in turn will cancel
uncontrolled phases due to spatially inhomogeneous poten-
tials of unknown magnitude. This will be discussed in detail
in section II.
Consider that we apply a series of pi-pulses between states
|+〉 and |−〉 of the NV center while the diamond is falling. In
the presence of these pulses, Hamiltonian (2) is modified as
Hx+MW = h¯ωa†a+ h¯λ (a†+a)Sz+ h¯Ω(t)σx, (9)
withΩ(t) a time-dependent Rabi frequency, which has value 0
in between the pulses and some fixed value Ω= pi/(2τ) while
a pulse of duration τ is being applied, and σx = |+〉〈−|+H.c.
We now move to an interaction picture with respect to the
driving field h¯Ω(t)σx and the free-energy part of the oscillator
h¯ωa†a. Furthermore, we assume that the pulses are instanta-
neous compared to any other frequencies in the system. This
is a safe assumption as ω and the coupling strength λ can be
expected to be in the kHz regime, even for large magnetic field
gradients of 105 T/m. Our Hamiltonian is now found to be
H intx+MW = h¯F(t)λSz(ae
−iωt +a†eiωt), (10)
where the effect of the pi-pulses is to flip the sign of operator
Sz. This is captured by the function F(t), which is a piecewise
constant function taking only values 1 or −1, see Fig. (1 a).
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FIG. 1. Schematics of the setup and the dynamics. (a) shows
function F(t) with vertical dashed lines indicating pi-pulses. An ad-
ditional pi-pulse (red dashed line) is applied at time τ , when the de-
sired separation has been reached, in order to reverse the dynamics
and bring the diamond back to its initial state at time T = 2τ . There-
fore, at time τ two pi-pulses are applied, or equivalently none. In (b)
the amplified oscillations associated with spin up (down) are shown
in red (blue). The amplitude of the oscillations grows linearly in time
as Dmax(t), depicted in the figure with a diagonal gray line. Vertical
lines indicate the equilibrium positions of the two oscillators. The
oscillations corresponding to the spin up state in the absence of the
pulse sequence are indicated in green. In (c) an irregularly shaped
diamond is depicted in pale yellow, with an NV (pink) sitting at a
position dnv from the center of mass (blue). The forces acting on the
NV due to the magnetic field gradient are also depicted. The rotation
angle θ is measured as the angle between vectors F+nv and dnv.
The unitary-evolution operator associated with the time-
dependent Hamiltonian (10) can be exactly computed in the
Magnus expansion, where terms of order 3 and higher vanish
identically. Thus we have
5U(t) = eΩ
(1)+Ω(2) , (11)
with
Ω(1) = (αa−α∗a†)Sz (12)
Ω(2) = const. (13)
and
α =−iλ
∫ t
0
F(t ′)e−iωt
′
dt ′. (14)
The integral in α can be solved in the regions where F(t) is
constant and the results added. This yields∫ t
0
F(t ′)e−iωt
′
dt ′ =
N
∑
n=0
(−eiω∆t)n
−iω (e
−iω∆t −1),
where N is the number of pi-pulses and ∆t the interpulse spac-
ing, such that the total time is t = (N+1)∆t. Clearly, the value
of the integral is maximal when ω∆t = pi , that is to say when
the pulse sequence is resonant with twice the frequency of the
oscillator. In this situation, α takes the value
α =−2λ
pi
t. (15)
As a result the time evolution is given by the displacement
operator
U(t) = e(αa−α
∗a†)Sz , (16)
with the displacement direction dependent on the state of the
NV. Notice that α is real, which indicates that the displace-
ment will occur in the position quadrature, and that it depends
linearly on time. The separation between the two superposed
states will be given by Dmax = 2xo(α +α∗) = 8pi x0λ t. Re-
markably, the quantity x0λ does not depend on the magnetic
field gradient, and the achievable separation distance is deter-
mined only by the volume of the particle and time,
Dmax/t =
4h¯γe
piV
√
µ0
−χVρD . (17)
Once the desired separation has been reached, say at time τ ,
an additional pi-pulse can be applied followed by the time-
reversed sequence of pulses to reverse the displacement and
bring the diamonds together at time T = 2τ . In Fig. (1 b) a
scheme of the path is shown.
By comparison with Eq. (8), we observe that the same sep-
aration distance is achieved in the absence of an amplification
sequence, by fixing the magnetic field to the minimum value
that allows one oscillation in time T . Thus, the aim of the am-
plification sequence is not to reach larger separation distances,
but to allow us to achieve the same separation distances irre-
spective of the magnetic field gradient. This is not a marginal
result. In general, working at higher magnetic fields will be
preferable when considering realistic noise sources. This is
because the same pulses that we use to generate the resonance
can serve as a dynamical decoupling sequence to suppress the
effect of non-Markovian noise sources. This may be used to
extend the coherence time of the NV and to suppress slow
noise on the motional degrees of freedom (see sec. II for a
detailed discussion), and in general a larger number of pulses
is preferable in this respect, which in turn favours a large os-
cillation frequency and therefore a large magnetic field gradi-
ent. Notice, however, that the largest considerable magnetic
field gradient is limited by the minimal distance between the
diamond and the magnets that allows to neglect the effect of
Casimir-Polder forces between the two, see Appendix D.
Be it in the presence of a pulse sequence or not, smaller
particles achieve larger separation distances, as in both cases
the separation distances are inversely proportional to the vol-
ume of the oscillator. For a particle with the volume of a
1µm radius sphere, we find a separation that grows in time
as Dmax/t ≈ 2.3 × 10−8 ms , while a particle with a ra-
dius of 230 nm should result in a separation that grows as
Dmax/t ≈ 1.8 × 10−6 m/s. For a free fall time of T = 0.5 s,
we set τ = 0.25 s, which gives a maximal separation of
Dmax ≈ 5.75 nm for a 1 µm radius particle and a separation
of Dmax ≈ 456 nm if the radius of the particle is 230 m. In
the absence of a pulse sequence, this requires a magnetic field
gradient of B′ = 181.86 T/m, while use of a pulse sequence
allows us to obtain the same results also for larger values of
the magnetic field gradient.
Our scheme is not restricted to diamagnetically trapped par-
ticles and can be applied in general to any system that is de-
scribed by a Hamiltonian of the form in Eq. (9), that is, har-
monically trapped particles with a spin degree of freedom that
couples linearly to their motion. In particular, relevant to the
topic of this article are nanodiamonds that are levitated by
means other than diamagnetic forces, such as by optical forces
or in Paul traps. In these cases, the confining forces will typi-
cally be stronger and therefore the reachable separation dis-
tances in the absence of a pulse sequence notably smaller,
Dmax =
4h¯γeB′
Mω2 . Thus, such setups will strongly benefit from
the design introduced here in order to go beyond this limita-
tion and reach separation distances that grow linearly in time
as Dmax =
4h¯γeB′
Mωpi t. Finally, it is noteworthy to mention that the
discussed protocol can be analogously applied to transitions
|0〉→ |±〉, albeit halving the reachable separation distance, as
the equilibrium positions of the two superposed oscillators sit
now at half the distance from each other.
II. SOURCES OF DECOHERENCE
The interferometric protocol works as follows. Initially,
the diamond is trapped and cooled down to a low tempera-
ture thermal state, with its internal degree of freedom in state
|0〉. A suitable combination of microwave pulses prepares the
NV in the superposition state |+〉+ |−〉 and subsequently the
diamond is dropped across the transversal magnetic field gra-
dient. The resonant pulse sequence described in the previous
section results in a spin-dependent displacement of the center
of mass of the diamond, which as a consequence splits in two
spatially separated superposed states, with a separation dis-
6tance that grows linearly in time. Once the desired separation
has been reached, an additional pi-pulse inverts the dynamics,
reuniting the two superposed states of the diamond, ideally
to a perfect overlap of their wave functions. At this moment,
if the process was coherent the NV and the diamond will be
found in a separable state, with the NV in an even superposi-
tion of states |±〉. A final operation on the NV takes it back to
state |0〉; then, the population of this state is measured. Any
population leak into states |±〉 reveals a loss of coherence in
the process. For example, if a collapse mechanism destroys
the superposition at some point during the protocol, such that
the state of the system collapses to, say, state |+〉(|−〉) of the
NV, the gate at the end of the protocol, which would send
the NV into state |0〉 in ideal conditions, will instead popu-
late state |−〉(|+〉). Therefore, the observation of population
in states other than |0〉 becomes the smoking gun for decoher-
ence. However, other decoherence mechanisms that are not
related to an underlying collapse model could have a similar
effect. Therefore, it becomes crucial to discard these sources
of noise, in order to be able to relate any observed loss of co-
herence to a fundamental origin.
In this section, we give an extensive list of system-
environment interactions that could lead to a loss of coherence
during the protocol. We divide these into two main categories.
On the one hand, (A) we consider those which introduce a
relative phase between the two superposed states, such that,
after the two paths are reunited, the spatial wave packets of
the diamond still overlap and are to a good approximation in
a product state with that of the NV, as in the ideal case, but a
relative phase between states |±〉 of the NV has been picked
up. Shot-to-shot variations of this phase will amount to a loss
of the coherence information, with the expectation value of
any operator being equivalent to that of having the NV in a
mixture of states |±〉. The second type of incoherence that
we consider (B) is that in which the two superposed states of
the diamond do not perfectly overlap after they are brought
together at the end of the protocol. The result will be that the
NV and the motional degrees of freedom will not be in a sep-
arable state at the end of the protocol, which again will result
in a population leakage into states |±〉.
A. Relative phases
Relative phases between the two superposed states of the
system arise because the potential energy integrated over the
two paths of the nanodiamond are inequivalent. We will be
working in a reference frame of the setup in which the x-
direction is defined by the magnetic field gradient. In this
frame, for an ideally working setup, the two superposed states
will differ only in the x-coordinate. Consequently, we are pri-
marily concerned with slowly varying potential energy terms
that are inhomogeneous across this direction. Of special in-
terest will be terms that depend linearly on x, V (x) =−F0x,
because they are expected to be the leading order terms in any
perturbation. We will consider the cases where these forces
have a constant magnitude over time as well as the case in
which their magnitude varies stochastically but slowly. It is a
main result of this section that with a suitable pulse sequence
their effect can be canceled. We will also consider the effect
of potential energy terms that depend nonlinearly on x, and
thus result in forces that are inhomogeneous along the super-
position dimension.
1. Constant homogeneous forces
In the presence of a potential energy term that is linear in
x, the system Hamiltonian that rules the dynamics in the x
direction is transformed into
Hx = h¯ωa†a+ h¯λ (a+a†)Sz−F0x0(a+a†). (18)
The new, third, term can be absorbed by redefining the ladder
operators as c# = a#− F0x0h¯ω , which now account for the dis-
placement of the equilibrium positions. In terms of these new
ladder operators the Hamiltonian becomes
Hx = h¯ωc†c+ h¯λ (c+ c†)Sz+ h¯φSz, (19)
with φ = 2λx0h¯ω F0, making it evident that under a constant
force of magnitude F0, a relative phase 2φ t will be picked
up between the states |±〉 of the NV. Notice, that this is pre-
cisely the phase corresponding to the difference in potential
energy between the equilibrium positions of the two oscilla-
tors, 2φ t = ∆xeq(F0/h¯)t, see Eq. (7).
For a nanodiamond of 230 nm radius in a magnetic field
gradient of 103 T/m the equilibrium positions are separated
by a distance ∆xeq ≈ 43 nm, such that for an experiment last-
ing a time on the order of 0.5 s, forces as small as 10−24 N will
already introduce a phase of 2φ t ≈ 1 rad. We emphasise once
more that the separation distance of the superposition is inde-
pendent of the magnetic field gradient; for the example above
it would be approximately 470 nm, which is sufficient to en-
sure that there is no overlap between the two components of
the superposition. However, since the acquired relative phase
is directly proportional to the separation distance between the
equilibrium positions—not the separation distance between
the paths—, and this is inversely proportional to the mag-
netic field gradient, a stronger magnetic field gradient should
be preferable.
In the following we consider the physical origin of forces
of such a type.
a. Misalignment with the gravitational field If the setup
and the gravitational field are not well aligned, the gravi-
tational force will acquire a component of magnitude F0 =
Mgsinβ in direction x, β being the angle between the gravita-
tional force and the z-direction. A diamond of radius 230 nm
as the one discussed earlier has a mass M ≈ 10−16 Kg, which
shows that a random misalignment of 10−9 rad would already
result in a force on the order of 10−24 N, which as discussed
above in an interference experiment lasting 0.5 s would intro-
duce a phase shift on the order of rads. Such a phase would
destroy the interference unless held constant across the entire
sequence of experiments which, without further measures, im-
poses daunting requirements on the stability of the orientation
of the setup.
7b. Magnetic moment of the diamond Apart from the NV,
the diamond will contain additional spins which will con-
tribute to giving it a net magnetic moment. Two dominant
sources of these spins will be the nuclear spins of 13C atoms
present in the lattice and the electronic spins originating ei-
ther from the electrons in dangling bonds at the surface of
the nanodiamond or from other defects in the lattice structure
of the diamond, like for example P1 centers. A diamond of
230 nm radius contains ∼ 109 carbon atoms, which indicates
that even for 13C concentrations as low as 10−6 % the dia-
mond will contain∼ 103 nuclear spins. On the other hand, the
most optimistic estimates for the dangling bond density on the
surface of diamond are on the order of 10−2 dangling bonds
per nm2 (estimated for single crystal bulk diamond grown un-
der optimal conditions) [49], which amounts to a total of 103
electron spins on a 230 nm diamond. All in all, one could
expect that such a diamond will have a magnetic moment of
µD = h¯103(γn 〈Sz〉ρnth +γe 〈S
z〉ρeth), where S
z is the z component
of the spin-1/2 operator and the expectation value is taken
over thermal states for the nuclei, ρnth, and electrons, ρ
e
th. At a
temperature of 1 K and a magnetic field of 10−2 T this gives
a magnetic moment of µD ≈ 10−22 N mT . A magnetic field
gradient of 102 T/m acting on such a magnetic moment will
exert a force on the order of ∼ 10−20 N, well above the the
10−24 N threshold established before. Shot-to-shot variations
of the intrinsic magnetic moment of the diamond are to be
expected due to thermal fluctuations of the spins that form
it, which should scale with the square root of the number of
spins, ∆µD = h¯103/2(γn 〈Sz〉ρnth + γe 〈S
z〉ρeth). Such variations
would irremediably lead to a loss of coherence and conse-
quently to a degradation of the visibility of the interference
unless addressed by methods of dynamical nuclear polarisa-
tion transferring optically induced polarisation of the NV cen-
ter to the surrounding spins [50–52]
An alternative way to understand the origin of the relative
phase introduced by the intrinsic magnetic moment of the dia-
mond is in terms of the experienced Larmor frequencies along
the two paths. The inhomogeneity of the magnetic field will
clearly lead to the two superposed states picking up different
phases.
c. Electric dipole moment of the diamond A charge neu-
tral nanodiamond containing a negatively charged NV center
will necessarily have an electric dipole moment, originated
from the negative charge of the NV and the compensating pos-
itive charge, which will typically be located at a random posi-
tion in the bulk of the diamond [53]. Continuing our analysis
for a 230 nm radius particle, let us assume that the compen-
sating positive charge is located 200 nm away from the NV
center (note that for a uniform distribution of NV and charge
we find as mean square distance 1.2r2 in a spherical particle
of radius r). This will cause an electric dipole moment of the
order of |d| = 3.2 · 10−26 Cm and a force on the diamond of
the order of 10−24 N in an electric field gradient of 30 V/m2
(which would for example be caused by a single electron at a
distance of 500 microns).
2. A pulse sequence to suppress relative phases
Here we show that relative phases due to constant homo-
geneous forces, such as those described above, can be sup-
pressed by a suitable pulse sequence. In the presence of pi-
pulses the acquired phase due to constant homogeneous forces
will now be given by
2φ
∫ T
0
P(t ′)dt ′, (20)
where P(t) is a function that flips between values 1 and−1 af-
ter each pi-pulse, and is in general different from the amplifi-
cation sequence introduced in section I, but can be made such
that it serves both purposes. Notably, this integral can be made
identically 0 if an odd number of pi-pulses is applied with a
fixed interpulse spacing. The pulse sequence introduced in
the previous section for the amplification of the oscillations
contains by construction an even number of pulses. However,
this sequence is symmetric with respect to the middle point
t = τ , such that P(τ+h) = P(τ−h). Therefore, one could de-
sign a pulse sequence containing an odd number of pulses in
each of the two halves of the sequence, such that the relative
phase is suppressed for each of them. One can express this
mathematically, noticing that the integral between 0 and T for
the amplification sequence is just two times the integral from
0 to τ ,
∫ T
0 P(t
′)dt ′ = 2
∫ τ
0 P(t
′)dt ′. Now this integral is clearly
0 if one has a number of pulses N between 0 and τ that is odd.
Therefore, we find that with a suitably designed sequence,
the pulsed approach of section I can suppress the relative
phases introduced by homogeneous forces acting in the di-
rection of the superposition that are time-independent and in-
dependent of the position along the drop. This is due to the
fact that for an odd number of pulses both parts of the su-
perposition follow paths whose average displacement in the
x-direction across the entire path vanishes. Notice that this
strategy is independent of the initial state of the system. With
such a pulse sequence the experiment becomes insensitive to
misalignments of the setup with the vertical, as gravitational
inhomogeneities along the splitting dimension are suppressed.
This suggests that, in free-fall experiments, one could tilt the
setup on purpose in order to make the particle fall slower, and
therefore perform the experiment with a shorter device. This
should be beneficial as it would allow the use of shorter mag-
nets, relaxing the requirements for homogeneity of the mag-
netic field gradient to shorter distances. In the limit where
the magnetic field gradient is parallel to gravity, β = pi/2, the
particle would not fall at all, and the experiment would be
equivalent to an experiment performed with a levitated dia-
mond instead of a free-falling one, which would have the sig-
nificant advantage that a single diamond could then be used
repeatedly.
Designing universal pulse sequences that can suppress the
effect of higher order potential terms is difficult and may not
be possible in general. However, for those higher order contri-
butions that are small and do not distort the oscillation path of
the diamond significantly, an extension of the pulse sequence
that symmetrises both paths of the interferometer can be de-
signed. Such a pulse sequence should, therefore, be able to
8suppress the relative phase introduced by potential terms of
arbitrary order that are weak and static (or sufficiently slowly
varying). The extended sequence is obtained by simply re-
peating the same pulse sequence with the sign inverted, which
is achieved by the application of a pi-pulse in between the two
sequences. In this manner the path traveled by spin up of the
NV in the second half is that traveled by spin down in the first
one, and vice versa, see Appendix B.
3. Stochastic homogeneous forces
Forces that are homogeneous along the oscillation dimen-
sion of the diamond but have a magnitude—and/or sign—that
changes in time are also to be expected. These can arise for
a variety of reasons. In drop experiments, spatial inhomo-
geneities along the z-axis translate into time-dependent varia-
tions in a frame moving with the center of mass of the nanodi-
amonds. Due to the moderate velocity of the nanodiamonds
these variations will be slow and a moderate number of pulses
will suffice to average them out.
An intrinsic source of time-dependent fluctuations in nan-
odiamond material is the presence of nuclear and electron
spins in the bulk and the surface. Indeed, the flip of one
or more of the surface spins, alters the magnetic moment of
the diamond and, consequently, the force exerted on it by
the magnetic field gradient. Consider an optimistic relaxation
time of τ = 1000 s for the surface spins, which indicates that
the spins will flip at a rate of Γ = 1/τ = 1 mHz, then for a
diamond containing as little as 10000 surface electron spins,
one should expect 10’s of flips for each experiment lasting 1 s.
If no counter measures are taken, each spin-flip will lead to a
change in the force that is being exerted on the nanodiamond
by the magnetic field gradient and hence a stochastic phase
that will destroy the interference.
In order to describe the impact of spin flips and the effect
of our pulsed schemes, we adopt a semi-classical approach,
where surface spins are always in a projected state of the σz
basis and can randomly fluctuate between its two available
states {|↑〉 , |↓〉}. Under this approximation one can describe
the total instantaneous spin projection in the z-direction with
a real valued function that fluctuates around its thermal ex-
pectation value, Z(t) =
〈
∑Nei S
z
i
〉
ρeth
+ η(t), where Ne is the
number of electronic spins. Here we have introduced the func-
tion η(t) =∑Nei=1 Xi(t), where Xi(t) represents the state of spin
i at time t and is a function that flips stochastically between
values +1 and −1 at a constant rate given by Γ = 1/τ , the
inverse of the longitudinal relaxation time of the spin. We
can model Xi(t) as a random telegraph signal, such that the
number of spin flips in the time interval (t1, t2] follows a Pois-
son distribution with parameter Γ(t2− t1), and is independent
from spin flips in previous intervals. For simplicity we will
assume that the spins are initially with equal probability in the
states |↑〉 or |↓〉. Now, under this assumption and that of no
correlation among different spins, we have that Xi(t) = 0 and
Xi(t)X j(t ′) = e−|t−t
′|/τδi j, where the overline indicates aver-
aging over different realisations of the stochastic process. It
follows that η(t) = 0 and η(t)η(t ′) = Nee−|t−t
′|/τ , where we
have assumed that the flip rate for each spin is the same.
Therefore, the force on the diamond fluctuates as
h¯γeB′[
〈
∑i Szi
〉
ρeth
+η(t)], where γe is the electronic gyromag-
netic ratio and B′ the magnetic field gradient. This modifies
our Hamiltonian as
Hx = h¯ωc†t ct + h¯λ (ct + c
†
t )P(t)Sz
+ h¯φ˜P(t)Sz+ h¯φη(t)P(t)Sz,
(21)
where P(t) accounts for the pulse sequence on the NV and
the ladder operators are now time dependent, ct = a+
F˜0x0
h¯ω +
η(t)F0x0h¯ω . Here, φ = φ˜/
〈
∑i Szi
〉
ρeth
= ∆xeqF0/(2h¯), with F0 =
F˜0/
〈
∑i Szi
〉
ρeth
= h¯γeB′. The relative phase introduced by the
constant term h¯φ˜P(t)Sz can be suppressed by a suitable pulse
sequence P(t) as described in the previous section. For the
stochastically fluctuating term h¯φη(t)P(t)Sz, however, this
will introduce a relative phase between the two states of the
NV, which will stochastically vary in time as
Φ(t) = mod2pi [2φ
∫ t
0
η(s)P(s)ds]−pi, (22)
where the function mod2pi [x] gives the remainder with positive
sign of x2pi , such that Φ(t) always lies in the interval [−pi,pi],
and its average is zero. Interestingly enough, the acquired rel-
ative phase is independent of the magnetic field gradient. This
is because although the force is proportional to the magnetic
field gradient the separation distance between the equilibrium
positions of the two superposed oscillators is inversely propor-
tional to it, and thus φ = h¯γ
2
e µ0
−χVV depends only on the volume of
the considered diamond.
The two superposed states of the diamond pick up a relative
phase at a rate 2φη(t)P(t), however, for a constant function
η(t) = η0 the pulse sequence P(t) makes sure to invert the
sign of the rate for adjacent intervals between pulses, such
that the phase built up before a pi-pulse is subtracted after it.
However, if a spin flip occurs and thus function η(t) fluctuates
in between two pulses, the accumulated phase is not compen-
sated for in the subsequent interval, and a relative phase is
acquired between the two states of the NV. Naturally, this rel-
ative phase will be bounded by the interpulse spacing, such
that φ ′≤ 2φ∆η∆t, where ∆η is the variation of function η and
∆t is the interpulse spacing. If additional spin flips occur dur-
ing the experiment, the phases induced by each of these spin
flips will add up. For a 230 nm radius nanodiamond we find
φ ∼ 106, which indicates that the phase induced by a single
spin flip in an experiment lasting half a second will already re-
quire a number of pulses on the order of 107 to be suppressed
reliably. This sets a daunting perspective on the use of pulse
sequences to counteract the fluctuations of surface spins, as
one is interested, in order to maximise the separation distance
of the superposition, in having a pulse sequence that is reso-
nant with the oscillation frequency of the diamond, which is,
typically, several orders of magnitude smaller.
To estimate the impact of such a stochastic force on the
visibility of the interference pattern we consider the variance
9of the relative phase, σ2Φ(T ) = 〈Φ(T )Φ(T )〉−〈Φ(T )〉2, at the
end of an experiment lasting T = 0.5 s for a 230 nm radius
diamond. In Fig. (2) we numerically simulate the stochastic
process and compute the variance at the end of a sequence of
100 pi-pulses, averaging over 100 realisations of the stochastic
function. Unsurprisingly, the variance grows with the number
of surface spins, as this increases the chances of experiencing
spin flips during the protocol. Similarly, surface spins with
longer relaxation times show a smaller variance of the phase at
the end of the protocol. Notice that for an increasing number
of spins, all the setups saturate to a value of the variance that
corresponds to that of a homogeneously distributed stochastic
variable in the interval [−pi,pi], that is σ2 = pi2/3. All in all,
for such a small number of pulses the effect of the sequence in
suppressing the build-up of relative phases is negligible, and
acceptable variances of the phase are reached only for config-
urations of the number of spins, Ne, and relaxation times, τ ,
that have a low probability of experiencing a spin flip during
the experiment.
It is noteworthy to mention that in the presence of a mag-
netic field gradient, flip-flops between surface spins will also
lead to phase fluctuations, as different spatial distributions of
the spins are energetically inequivalent. This phase difference
will depend on the magnetic field gradient as well as on the
spatial orientation of the spin relative to the gradient and, fur-
thermore, the flip-flop rate will decrease with increasing mag-
netic field gradient. This renders a detailed analysis of the ef-
fect of flip-flops difficult, and hence we relegate it to a future
work.
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FIG. 2. Variance of the relative phase between the two superposed
states of a 230 nm diamond at the end of a protocol of 0.5 s dura-
tion consisting of equally spaced 100 pi-pulses. The x-axis shows the
total number of electronic surface spins, and the different colors cor-
respond to different longitudinal relaxation times of these spins. The
plot is produced by numerically computing the integral in Eq. (22)
and averaging over 100 realisations of the stochastic function η(t)
B. Imperfect overlap of the wave functions
Maximal visibility of the interference requires that the wave
packets propagating along the two paths of the matter-wave
interferometer are brought back together such that they be-
come indistinguishable in all degrees of freedom, i.e. the posi-
tions and momenta of all their constituent particles. This does
not, however, require localisation of the translational degrees
of freedom to length scales of atomic nuclei but, assuming
that the diamond is a rigid body, merely to the minimal size
of the wave packet of the center of mass of the diamond in its
confining potential. This is given by the extent of the ground
state wave packet x0 =
√
h¯
2Mω . Furthermore, this also requires
that rotations around its center of mass are kept in a range that
ensures a displacement of the outermost components of the di-
amond that is smaller than x0. The same requirements should
apply to an initial motional state that is thermal, as thermal
states are a mixture of coherent states, which have the same
width as the ground state, and the overlap requirements should
hold for each of the components of such a mixture. In this sec-
tion we will discuss the physical origin for each of these two
sources of imperfect overlap, namely, that in which (1) the
centers of mass do not coincide, and that in which (2) the two
superposed states of the diamond are rotated with respect to
each other. As we will see, the first can occur due to the pres-
ence of forces that are inhomogeneous along the two legs of
the interferometer, the second due to inhomogeneous torques
acting on the diamond. Throughout this section quantities that
are given without units are assumed to be in SI units.
1. Inhomogeneous forces
A differential force acting on the superposed states will lead
to a relative shift of the centers of mass, such that when re-
united these will not perfectly overlap. The relative displace-
ment caused by a force difference ∆F that acts over a time t on
a body of mass M is given by xdis = ∆Ft
2
2M . Note that this is only
true if the force acts along the dimension for which the motion
of the particle is free. For forces acting along the dimensions
for which the particle is trapped, such uneven forces will re-
sult in a relative displacement of the equilibrium positions by
∆xeq = ∆FMω2 , which is less restrictive and does not grow in
time. To guarantee that the centers of mass are not separated
by more than xmin the force difference between the two legs of
the interferometer should be bounded by ∆F < 2xminMt2 . For a
230 nm radius diamond (mass M = 1.8 ·10−16 Kg) and if we
assume that the imbalance in the force is present for a duration
of 1 ms—it is reasonable to expect that such a force difference
will not be maintained over time as, under the pulse sequence,
both superposed states of diamond oscillate across both re-
gions of the setup—and we take xmin = x0 = 10−11 m, we find
a bound of ∆F < 3.6 ·10−21 N. Perturbations in the electric or
magnetic fields due to the presence of unwanted electrons or
other particles on the surface of the magnets should not be able
to generate such a big force difference between the two super-
posed states. For example, if we take the electric field gener-
ated by an electron sitting 100 microns from the diamond, and
we consider that the two paths are separated by 100 nm, the
force difference due to the interaction of the intrinsic electric
dipole moment of the diamond with the gradient of the electric
field is of the order of ∆F ≈ 10−27 N.
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A more stringent requirement is put forward by the rela-
tive gravitational phase that the two superposed states of di-
amond can acquire when the relative displacement occurs in
the vertical direction. For a difference in altitude ∆h of the
centers of mass, a relative phase is built up that grows in time
as ∆φ = Mg∆hh¯ t. It follows that for a force difference ∆F acting
during a time t on the vertical axis, phase is accumulated as
∆φ = g∆F2h¯ t
2T , where T = 0.5 s is the duration of the experi-
ment. Again, if one considers this differential force to act on
the system during a millisecond, then ∆F ≈ 10−26 N would
already introduce a relative phase on the order of rads.
2. Rotational dynamics
In addition to its translational degrees of freedom, a dia-
mond that is either in free fall or levitated can also experi-
ence rotation around its center of mass. Rotations of the dia-
mond that are different for each of the two superposed states
will lead to a reduction of the visibility of the interference.
Additionally, uncontrolled rotations will lead to an unknown
Zeeman shift of the NV center, which in turn will result in
imperfect pulses. In general, a relative rotation that does not
affect adversely the interference must be such that the parti-
cles on the surface of the diamond suffer a displacement that
is smaller than the spatial extent of their wave function, that is
rθ  x0. For a spherical nanodiamond of radius r = 230 nm
in a trap of frequency ω = 1 kHz we have x0 ≈ 10−11 m,
which sets a bound on the tolerable relative rotation angles
of θ  10−5 rad.
The origin of unwanted relative rotations can be manifold.
On the one hand, the force separating the two superposed
states of diamond acts on the NV center, which, in general,
will be located at some distance from the center of mass of
the diamond, as schematically shown in Fig. (1 c). Evidently,
this will lead not only to a translation of the center of mass but
to a simultaneous rotation.
An equation of motion for the rotation angle can be estab-
lished according to
τ = Iθ¨, (23)
where τ is the torque, I the moment of inertia and θ¨ the an-
gular acceleration of the rotation angle θ . The torque can be
expressed in terms of a vector dnv indicating the position of
the NV from the center of mass and the force Fnv acting on
the NV as τ = dnv×Fnv, leading to the following equation of
motion
θ¨ −F(t)qsinθ = 0, (24)
where
q =
3h¯γeB′
2piρDr4
. (25)
For the calculation we have assumed that the NV lies at a dis-
tance from the center of mass that is 80% of the radius, we
have used the moment of inertia of a sphere I = 25 Mr
2 and
the magnetic force acting on the NV spin to be of the form
|Fnv|= h¯γeB′. F(t) was defined in the previous section and is
a function oscillating between values 1 and−1 that inverts the
direction of the force with each pi-pulse. Equation (24) can be
numerically solved for a specific pulse sequence and strength
of the magnetic field gradient. In Fig. (3), we show the so-
lution for the case of a 230 nm diamond in a magnetic field
gradient of 104 T/m. We observe that in general, the rotational
dynamics of the diamond is not inverted in the second half of
the sequence, as is the case with the displacement of the center
of mass, leading to relative angles between the two superposed
states of diamond at the end of the experiment, which jeopar-
dise the interference. This is because, unlike the force exerted
by the NV on the center of mass, its associated torque is not
constant but it depends nonlinearly (sinusoidally) on the rota-
tion angle. In particular, we observe a strong dependence on
the initial state. For an initial angle of θ = pi/3 rad the relative
final rotation can be of the order of radians, while for smaller
initial angles like θ = pi/3×10−3 rad this is suppressed under
a sequence that contains an odd number of pulses in each of
its two halves and null initial angular velocities. This is due to
the linearisation of the sine in Eq. (24), see Appendix E, and
indicates that the same pulse sequence that is used to amplify
the oscillation amplitude and cancel relative phases can serve
to suppress relative rotations as well, as long as the initial ro-
tation angle is small. In the next section we explain how to
trap the rotational degree of freedom in order to keep initial
rotations below a desired threshold. Notice that initial rota-
tion angles of θ0 = 0 will lead to no rotational dynamics, as
the torque on the diamond is cancelled. One additional ob-
servation is that the quantity q depends on the radius of the
particle as 1/r4, which suggests that smaller particles should
be significantly more susceptible to relative rotations of the
diamond. The force exerted by the magnetic field on the NV
is not the only source of torques. Indeed, as discussed earlier,
a neutral nanodiamond containing one negatively charged NV
center, has by necessity an intrinsic electric dipole moment of
the form d= erd, where e is the charge of the electron and rd
the vector connecting the NV with the compensating positive
charge. In the presence of electric fields, this dipole will also
lead to a torque that will rotate the diamond. Variations of the
electric field over the two paths of the interferometer lead to
relative rotations. In general, the torque exerted by an electric
field on a dipole is given τ = d×E. Therefore the difference
in the torque that each of the two states of the diamond would
experience is given by ∆τ = d×∆E. Assuming that the
electric field is uniform over the size of the dipole, we have a
relative rotation of ∆θ = ∆τ2I t
2. Let us consider that the electric
field and the dipole form on average an angle of pi/4 rad; this
leads to the following estimate
∆θ/t2 =
3erd∆E
40piρDr5
. (26)
For example, for a 230 nm particle, an electric field that differs
just by ∆E = 10−2 V/m in the positions of the superposed
states of the diamond will already introduce a relative rotation
on the order of radians, assuming a protocol of 0.5 s and rd =
100 nm. As a reference, the electric field generated by one
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FIG. 3. Rotational dynamics. We plot the numerical solution of
Eq. (24) for a 230 nm diamond in a 104 T/m magnetic field, which
contains an NV center located at a distance from the center of mass
that is 80 % of the radius. Red lines show the dynamics with the
NV in state |+〉 and blue lines with it in state |−〉. We consider two
different initial states: (a) θ0 = pi/3 rad and (b) θ0 = pi/3×10−3 rad.
In both cases the initial angular velocity is vanishing. The simulated
sequence is the same for both simulations; it lasts approximately 0.5 s
and contains in each half 55 pulses, which have a frequency that
is twice that of the oscillation of the diamond and therefore is an
amplification sequence.
single electron is given by E = 14.386×10−10r−2, where r is
the distance from the electron. This shows that the difference
in electric field, ∆E = ∂rE|r0∆r, over a separation distance of
∆r = 100 nm can already be on the order of 0.3 V/m for a
distance of r0 = 10µm from a single electron.
3. Trapping the rotational degree of freedom
Due to the anisotropic polarisability of irregularly shaped
diamonds, an externally applied homogeneous electric field
will exert a torque on the diamond. As a consequence, the
longer dimension of the diamond will try to align with the
electric field, leaving its rotational degree of freedom trapped.
This mechanism has been experimentally demonstrated [54].
In the presence of an electric field E a dipole moment will
be induced in the diamond of the form
dind =
V
µ0c2
(χxExex+χyEyey+χzEzez), (27)
where {ei} are unit vectors pointing in the directions of Carte-
sian coordinates in the reference frame of the diamond, and
χi is the electric susceptibility in direction i. Let us con-
sider an electric field vector laying on the x-y plane and form-
ing an angle θ with the x-axis of the diamond, such that
E = E sinθex +E cosθey. The torque exerted by the electric
field on the diamond will be
τind = dind×E
=
V E2
2µ0c2
(χx−χy)sinθ cosθez.
(28)
The difference in electric susceptibility for the different coor-
dinates of diamond will depend on the specific shape of the
diamond. For an estimation of the achievable torque we will
assume χx − χy = 0.3 [54]. For small angles one can take
sinθ cosθ ≈ θ , such that for a particle with the volume that
equals that of a sphere of radius 230 nm the torque induced by
the electric field is of the form
τind ≈ V2µ0c2 0.3E
2θ ≈ 6.76×10−32 E2θ . (29)
As already discussed, an additional torque will be exerted
by the same field on the intrinsic dipole moment of the
diamond—the one formed by the negative charge of the
NV and its compensating charge—, which assuming that the
charges sit 100 nm apart from each other has a magnitude
τint = ednvE ≈ 10−26E, (30)
in the most unfavourable case, when the dipole is perpendic-
ular to the applied field. This tells us that the diamond will
be locked in the angle for which τind + τint = 0. Small field
inhomogeneities on top of the applied field will exert a torque
that will try to pull the diamond out of this equilibrium posi-
tion. For example, an electric field of uncontrolled origin with
a magnitude of Eunc = 10 V/m, will generate a torque on the
internal electric dipole of the NV of the order τint = 10−24 J.
An applied electric field of Eind = 106 V/m would compensate
with an induced torque τind ≈ 10−20θ , which would keep ro-
tations below θ < 10−4 rad. Torques due to the magnetic field
gradient acting on an NV that sits off the center of mass of the
diamond at a distance 80% of its radius, which we assume to
be 230 nm, are on the order of τ = 10−30B′. If we consider a
working magnetic field gradient of 104 T/m, rotations of such
an origin can be restricted to the same degree with a smaller
electric field on the order of 105 V/m.
Regarding thermal excitations of the rotational degree of
freedom, one can associate a potential energy to the torque
induced by the applied electric field of the form
Urot =
V E2
2µ0c2
(χx−χy)sin2 θ , (31)
such that τind = ∂θU ez. Assuming small angles, we can es-
timate the maximum reachable rotation for a given energy U
as
θmax =
√
2µ0U
V (χx−χy)
c
E
. (32)
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Therefore, at temperature T , a particle of radius 230 nm
should experience thermal rotations not bigger than
θmax =
√
2µ0kBT
V (χx−χy)
c
E
= 1.4×104
√
T
E
.
(33)
This indicates that an applied electric field of 106 V/m would
keep the rotation angles of a particle whose rotational degrees
of freedom are cooled to a temperature of 1 K below 10−2 rad.
Note that thermal rotations do not represent relative angles be-
tween the two superposed states of diamond, but the range of
angles that the initial state can take. As discussed in previous
sections, keeping the initial rotation angles small, allows us
to linearise the equations of motion of the rotational degrees
of freedom, which leads to the pulse sequence refocusing not
only the position but also the rotation of the nanodiamond.
4. The NV in the presence of an electric field
If an electric field is applied in order to trap the rotational
degrees of freedom, one should take into account that the
Hamiltonian of the NV will be transformed into
HNV = h¯(D+d||Ez)S2z + h¯γeSB
− h¯d⊥[Ex(SxSy+SySx)+Ey(S2x −S2y)]
= h¯(D+d||Ez)S2z + h¯γeSB
+ h¯(ΩE |+〉〈−|+Ω∗E |−〉〈+|),
(34)
where d‖ and d⊥ are the axial and non-axial components
of the permanent ground-state dipole moment, which have
measured values of d‖ = 0.17 Hz m/V and d⊥ = 3.5 ×
10−3 Hz m/V, and we have defined an electric field induced
Rabi frequency ΩE = d⊥(Ey + iEx)/2. The presence of con-
tinuous rotations between states |+〉 and |−〉 is undesired
as it will lead to an attenuation of the reachable separa-
tion distances between the two superposed states of the dia-
mond. Intuitively, this is because in the interaction picture
with respect to such a term, operator Sz in Hamiltonian (2)
will acquire a time dependence of the form λSz(a+ a†)→
λ (|+〉x 〈−|x e−iΩEt +H.c.)(a+a†), where |±〉x are eigenstates
of operator σx—here, σx is a Pauli operator defined in the sub-
space of the spin-1 system formed by states |±〉. This time
dependence will average the effect of the displacement and
effectively reduce it.
In order to avoid this, instead of employing a static electric
field to trap the rotational degrees of freedom, one could use
a field oscillating at frequency α such that ΩE → ΩE cosαt.
Now if α  ΩE the last term in Eq. (34), can be neglected
under a rotating wave approximation. Roughly, for an electric
field of 105 V/m we find ΩE = 3.5× 102 Hz, so that if the
electric field oscillates at 10 MHz, the conflicting term would
introduce an effective Stark shift with magnitude Ω2E/α ≈
10−3 Hz, which over the time of a second should introduce
a phase smaller than 10−3 rad. For higher oscillation frequen-
cies this would only improve, for example if the field from a
linearly polarised laser is employed, which oscillates at THz
frequencies, we have that Ω2E/α ≈ 10−8, and its effect should
be negligible.
CONCLUSION
The use of nanodiamonds for matter-wave interferometry is
a technically demanding task. Here, we have offered an anal-
ysis of experimentally relevant aspects to serve as a roadmap
in the pursuit of such a goal. On the basis of our findings,
we have modified previously proposed experimental protocols
by incorporating a pulse sequence that effectively realises dy-
namical decoupling of motional degrees of freedom and can
reduce the sensitivity of the setup to a broad range of experi-
mental imperfections, therefore relaxing the technical require-
ments. With such a protocol we have made the experiment in-
sensitive to the presence of diamagnetic forces, misalignments
of the setup, static electric fields or the net magnetic moment
of the diamond. These protocols may also find application in
more general matter-wave interferometry schemes. Our pulse
sequence serves also as a dynamical decoupling sequence that
extends the coherence time of the NV center. We have ex-
plored the impact of rotational dynamics and found that, for
initial angles that are small, our sequence can also refocus rel-
ative rotations between the two superposed states of diamond.
In order to keep rotations below a certain threshold, we have
proposed to lock the rotational degree of freedom with homo-
geneous oscillating electric fields. On the other hand, we have
shown that the presence of Casimir-Polder forces imposes a
limit on the distance between the diamond and the magnets
and, consequently, on the employable magnetic field gradi-
ents. This will have an effect on the oscillation frequency of
the diamond and on the number of pulses that one can apply,
since these have to be resonant with the oscillations of the
diamond. The most challenging aspect is the impact that fluc-
tuating electronic spins from the dangling bonds at the surface
of the diamond can have on diamond matter-wave interferom-
etry. Experimental efforts in surface passivation and moving
to shorter experimental times seem essential. All in all, our
work brings the possibility of matter-wave interferometry with
nanodiamonds closer to reality by alleviating some of the ex-
perimental requirements and pointing to the needed technical
improvements in order to reach it.
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Appendix A: Diamagnetic forces on extensive objects
A correct treatment of diamagnetic forces should consider
variations of the magnetic field over the body of the diamond,
instead of treating it as a point particle. Therefore, one should
consider a force of the form
F =
χVB′2
µ0
∫
V
dv x ex, (A1)
where we are considering a magnetic field gradient along the
x-axis only, and the integral is over the volume of the diamond.
Let us assume that the particle is sitting in its equilibrium posi-
tion such that
∫
V dv x = 0. Notice that in general the center of
mass will not necessarily sit on the zero of the magnetic field.
For an arbitrarily shaped diamond one can write an integral∫
V
dv x =
∫ ∞
−∞
dx x f (x), (A2)
where f (x) is a function that gives the area of the section of the
body with the zy-plane in position x, such that
∫ ∞
−∞ dx f (x) =
V, where V is the volume of the diamond. Now, if the body
is displaced a distance ∆x in the x direction, we have that the
body will feel a force
F =
χVB′2
µ0
∫ ∞
−∞
dx x f (x−∆x) ex. (A3)
Under the change of variable y = x−∆x we get that
F =
χVB′2
µ0
∫ ∞
−∞
dy (y+∆x) f (y) ex
=
χVB′2V
µ0
∆x,
(A4)
where we have used
∫ ∞
−∞ dy y f (y) = 0 and
∫ ∞
−∞ dy f (y) = V.
Therefore, we have that the diamagnetic force is the same as
if we treat the particle as a point particle, with the only dis-
tinction that the equilibrium position of the diamond will not
necessarily correspond to that in which the magnetic field is 0
at the center of mass.
Appendix B: Potential terms of order higher than linear
We consider a potential term of uncontrolled origin
V (x,y,z), which is time independent and has an arbitrary spa-
tial form. Notice that in free-fall experiments time indepen-
dence translates into homogeneity along the falling dimen-
sion. We assume such a term to be small compared to the
parameters governing the harmonic motion of the diamond,
V (x,y,z)/h¯ ω,λ . In this case it has a negligible impact on
the dynamics of the center of mass of the diamond, but it can
still introduce a detrimental relative phase between the two
paths of the interferometer, which travel different regions of
the potential. Under these considerations, the phase built up
in each of the paths of the interferometer can be expressed as
φ±(t) = 1/h¯
∫ t
0
dt ′
〈
U†±(t
′,0)VU±(t ′,0)
〉
, (B1)
where labels ± indicate the path and U±(t,0) are the corre-
sponding unitary evolution operators from time 0 to t in the
perturbation free case. The time dependence is expressed in
the Heisenberg picture, and thus the expectation value is taken
over the initial state of the system. Even if U±(T,0) = I and
both paths come to their initial position at the end of the se-
quence, in general, we will find that the built up phases are
inequivalent, φ+(T ) 6= φ−(T ). This is because the two paths
are different, and therefore the integrals of the potential func-
tion over these two paths take distinct values, see Fig. (1b)
in the main text. In order to heal this we suggest to double
the protocol with a sign inversion of the pulse sequence in
the second half—that is, introducing an additional pi-pulse at
time t = T and repeating the whole sequence—, such that the
state following path + in the first half follows path - in the sec-
ond half, and vice versa. In this manner we get that at time
t = 2T both paths are now equivalent and therefore φ+ = φ−,
cancelling relative phases coming from weak static potentials.
Formally, we have that U±(T + t,0) = U∓(t,0) with t ≤ T ,
given that U±(T,0) = I, and thus
φ±(2T ) = 1/h¯
∫ 2T
0
dt ′
〈
U†±(t
′,0)VU±(t ′,0)
〉
= 1/h¯
∫ T
0
dt ′
(〈
U†±(t
′,0)VU±(t ′,0)
〉
+
〈
U†∓(t
′,0)VU∓(t ′,0)
〉)
.
(B2)
And therefore, such an extended sequence suppresses relative
phases introduced by weak, static potential terms of arbitrary
order.
Appendix C: Inhomogeneities of the magnetic field gradient
We consider here a perturbation to the magnetic field gradi-
ent that is quadratic in the position, that is B(x) = B′x+B′′x2.
This will have two effects, on the one hand, the perturbation
should introduce modifications to the diamagnetic force and,
on the other hand, to the force on the NV. In particular, we
find perturvative Hamiltonian terms of the form
Vper =−χVV2µ0 (B
′B′′x3+B′′2x4)− h¯γeB′′x2Sz. (C1)
The presence of such terms is, naturally, detrimental to the
interferometer as they will entail the appearance of relative
phases between the two different paths as well as a distortion
of the paths that could result in their imperfect overlap at the
end of the protocol. In the case in which the effect of these
terms is weak as to not distort the paths the relative phase they
introduce can be suppressed with an extended pulse sequence
as that described in Appendix B. For that, a general require-
ment should be that B′′ 〈x〉  B′ at all times.
Appendix D: Impact of Casimir-Polder Potential
As the smallest acceptable separation of the nanodiamonds
from the magnetic tip limits the achievable magnetic field gra-
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dient, one needs to consider interactions between a neutral
body and a magnetic surface. The strength of the interac-
tion depends on the nature of the magnetic material. Here we
assume it to be a purely dielectric material, which results in
the weakest interaction with the dielectric nanodiamond, the
Casimir-Polder force. The Casimir-Polder potential between
two dielectric spheres of radius R1 and R2 separated by a dis-
tance r is given by
V (r) =
23h¯cR31R
3
2
4pir7
(
εr−1
εr +2
)2
, (D1)
and thus its gradient is
|dV
dr
(r)|= 161h¯cR
3
1R
3
2
4pir8
(
εr−1
εr +2
)2
. (D2)
The largest tolerable gradient in the Casimir-Polder potential
is directly related to the smallest uncertainty in the position of
the nanodiamond that can be achieved. Hence our goal is to
maximise the magnetic field gradient for a given gradient of
the Casimir-Polder potential for a spherical magnetic sphere
of radius r0. For given | dVdr (r)| we have
r =
[
C|dV
dr
(r)|−1r30
]1/8
, (D3)
with C = 161h¯cR
3
1
4pi
(
εr−1
εr+2
)2
and the magnetic field gradient is
dB
dr
=
µ0M
r0
1
(1+ r/r0)4
(D4)
=
µ0M
(r1/40 + r · r−3/40 )4
. (D5)
Substituting Eq. (D3) to eliminate r and then finding the r0
that maximises the gradient by minimising the denominator
as a function of r0 yields
r = r0 =
(
3
2
)8/5 [
C|dV
dr
(r)|−1
]1/5
. (D6)
For a position uncertainty ∆r and a drop time of t = 0.5 s,
the accumulated phase uncertainty in a given gradient of the
Casimir-Polder potential is
∆φ =
| dVdr (r)|∆r
2h¯
. (D7)
In order to preserve the possibility for interference fringes we
require 1 ∆φ from which it follows
dB
dr
=
µ0M
16
( 3
2
)8/5 [
C| dVdr (r)|−1
]1/5 (D8)
 µ0M
16
( 3
2
)8/5
C1/5
(
2h¯
∆r
)1/5
. (D9)
Hence, if we assume a small magnetic tip with a trapped flux
of µ0M = 1 T, a radius of the nanoparticle of R1 = 1µm, εr =
5.7 we have C = 1.5 ·10−43. If we assume that we can control
the position of the nanoparticle to ∆r = 10−10 m we find
dB
dr
 220 T/m. (D10)
For R1 = 100 nm we find
dB
dr
 877 T/m. (D11)
These estimates are generous, as typically the magnet will not
merely be a sphere but will have a holder or may be spatially
extended along the direction of the drop. This may reduce the
right hand side by a moderate factor.
Appendix E: Rotational refocusing
As discussed in the main text, the force exerted by the mag-
netic field on the NV will result in a torque on the diamond,
as long as the NV is not located exactly at the center of mass.
We define the rotation angle as the angle between the direc-
tion of the gradient—or equivalently, the direction of the force
acting on the NV—and the position vector of the NV as mea-
sured from the center of mass of the diamond, see Fig. (1c)
in the main text. When the NV is put in a superposition, each
of the two superposed states will feel opposite torques and a
relative angle will grow between the two. As the equations
of motion of the rotational dynamics are nonlinear in the ro-
tation angle, this will lead to a net relative angle at the end
of the protocol, which will destroy the interference pattern if
no countermeasures are taken. In this appendix we will show
that for small initial rotations and angular velocities, a suitable
pulse sequence will cancel the relative rotations between the
two superposed states of the diamond, such that at the end of
the protocol, when the centers of mass are reunited the orien-
tations of the two superposed states of diamond will match.
The angle of the final state, however, need not be that of the
initial state.
If the rotation angle is small throughout the whole protocol,
the equation of motion in Eq. (24) can be linearised in θ such
that it looks like
θ¨ −F(t)qθ = 0. (E1)
One can rewrite such a second order differential equation in
the form of two coupled linear differential equation as
d
dt
[
θ
θ˙
]
=
(
0 1
F(t)q 0
)[
θ
θ˙
]
. (E2)
Since F(t) is a stepwise function switching between values 1
and −1, the time-dependent differential equation (E2) can be
broken down into a sequence of time-independent differential
equations of the form
d
dt
[
θ
θ˙
]
= A±
[
θ
θ˙
]
, (E3)
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where
A± =
(
0 1
±q 0
)
, (E4)
such that the rotational dynamics alternates between equations
of motion ruled by A+ and A− with every pulse of the se-
quence. Equation (E3) has an analytic solution of the form[
θ
θ˙
]
t
= eA±(t−t0)
[
θ
θ˙
]
t0
. (E5)
We are concerned with pulse sequences that contain an odd
number of pulses in the first half of the sequence—that is an
even number of intervals—, an avoided pulse in the middle,
and the inverse sequence of pulses in the second half, such
that the sequence contains an even number of pulses in total
with the same interpulse spacing except for the central interval
which should be double of the rest, see Fig. (1a). Such a se-
quence cancels relative phases introduced by linear potentials,
and will also cancel relative rotations, as we will show now.
For a generic pulse sequence with the just described structure,
the time evolution of the rotation angle corresponding to state
up of the NV is described by operators X+1 and X
+
2 acting on
the initial state as X+2 X
+
1
[
θ ; θ˙
]
t0
, where
X+1 = e
A−∆teA+∆t ...eA−∆teA+∆t (E6)
X+2 = e
A+∆teA−∆t ...eA+∆teA−∆t (E7)
represent the first and second halves of the sequence, respec-
tively, and ∆t is the interpulse spacing. On the other hand, the
rotational dynamics of the state associated with spin down of
the NV follows the opposite dynamics, where every interval
associated to A+ for the state up follows the dynamics of A−
for state down and vice versa, that is
X−1 = X
+
2 X
−
2 = X
+
1 . (E8)
Notice that Eq. (E8) is only true when each half of the se-
quence contains an odd number of pulses. We want to show
that for initial states with null angular velocity, [θ ;0]t0 , both
evolutions lead to the same rotation angle at the end of the se-
quence. Notice that for an initial state of the form [θ ;0]t0 , the
final angle will be determined solely by the diagonal of the
evolution operator, and therefore we only need to show that
the diagonals of X+2 X
+
1 and X
−
2 X
−
1 = X
+
1 X
+
2 are the same. In
general, the diagonal of the product of two matrices A and
B is different from the diagonal of their commuted product,
diag(AB) 6=diag(BA). However, in the particular case when A
and B are 2× 2 matrices with equal anti-diagonal elements,
we find that diag(AB) = diag(BA). Thus, if we show that the
anti-diagonals of X+1 and X
+
2 are the same we will have proven
our point. Indeed, this is the case: following the construction
of matrices X+1 and X
+
2 in Eq. (E6) one can see that
X+2 = σx(X
+
1 )
Tσx, (E9)
where σX = [01;10] and T indicates the transpose. In the form
of Eq. (E9) it becomes evident that X+1 and X
+
2 have the same
anti-diagonal elements, as the effect of the σx matrices cancels
that of the transposition, leaving the anti-diagonal elements
unchanged. Thus, both sequences result in an evolution oper-
ator with the same diagonal elements, and therefore the final
rotation angle for each of the spin states is the same when the
initial angular velocity vanishes and the sequence contains an
odd number of pulses in each of its two halves.
Appendix F: Tests of quantumness of gravity
In a recent work a set-up as the one sketched in Fig. (4a)
has been suggested as a means to test the quantum charac-
ter of the gravitational interaction [55] by measuring gravita-
tionally mediated entanglement between the two interferome-
ters. This entanglement arises as the initial state of the inter-
ferometer |LL〉+ |LR〉+ |RL〉+ |RR〉 evolves into eiφLL |LL〉+
eiφLR |LR〉+ eiφRL |RL〉+ eiφRR |RR〉 in the course of the interac-
tion. Taking the parameters of [55] one finds distances dLL =
dRR = 250 µm, dLR = 700 µm and dRL = 200 µm and, up
to a global phase, the wave function |LL〉+ ei(φLR−φLL)|LR〉+
ei(φRL−φLL)|RL〉+ |RR〉, where φLR− φLL  φRL− φLL for the
gravitational interaction so that the state is entangled. The rel-
ative phase ∆φgrav = φRL−φLL scales as Gm1m2texp/(h¯dRL)∼
1.6. It is important to note, however, that other forces may
also induce entanglement. Notably, in [55] a magnetic field
gradient of 106 T/m is assumed and the 1 µm radius of the
diamonds implies that they will also experience a significant
magnetic field and hence an induced dipole moment which
scales as µind = VχV B/2µ0. As a consequence the magnetic
dipolar interactions between the induced dipole moments in
the different arms of the interferometer will also lead to en-
tanglement. Indeed, the phase ∆φdip = φRL− φLL will scale
as h¯−1µ0/(4pid3RL)µ
2
indtexp which for the chosen parameters
will be ∼ 3 · 103 for B = 1 T. Hence, a much larger distance
dRL ∼ 0.1 m is required to make the contribution of the in-
duced magnetic dipole moment small compared to that due
to gravity. For such distances, all other things unchanged, the
relative phase will be of order 10−3 and the resulting entangle-
ment very small indeed. Furthermore, the large spatial sepa-
rations that would have to be envisaged in turn imply a very
significant sensitivity to perturbing effects that have been de-
scribed in the main text. Beyond those effects, notably, gravi-
tational interactions with distant masses would have a very im-
portant effect. Indeed, a mass of M = 1 mg at a distance of 103
m would already impose a relative phase of order 10−3, which,
if uncontrolled, would already be capable of erasing the en-
tanglement thus making the effect unobservable. It seems
unlikely that the environment of such an apparatus could be
controlled to a degree sufficient to eliminate these deleterious
effects. Hence, again, motional dynamical decoupling will be
essential adding phase stability to the interferometer. Here it
is necessary that motional dynamical decoupling is applied to
both arms of the interferometer in a correlated fashion so as
to average out decoherence and imperfections from the envi-
ronment while preserving the phase accumulation due to di-
rect interaction between the interferometers (see Fig. ( 4b) for
the envisaged type of paths). Indeed, a direct computation
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FIG. 4. Interferometer for testing quantumness of gravity. (a)
shows the original setup presented in [55] where no motional dynam-
ical decoupling is applied. (b) shows the same setup incorporating
motional dynamical decoupling.
shows that the direct interaction between the two interferom-
eters, e.g. due to gravity or induced dipoles, is only slightly
reduced while slow external perturbations, notably those lin-
ear in position, are averaged out. Nevertheless, despite such
improvements the realisation of tests of the quantum character
of the gravitational force is very challenging indeed and ap-
pears to require, if possible at all, a concerted and longlasting
effort not dissimilar to that leading to the creation of LIGO, in
which material design, quantum control and signal processing
need to be driven jointly to new levels of performance.
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